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[DIRECT DETERMINATION OF 
INTERFACE TRAPS IN MOS 

DEVICES] 

Background of Invention 

[0001] 1. Field of the Invention 
M [0002] The present invention relates to semiconductor wafer testing. More particularly, 

o 

P this invention relates to characterization of semiconductor/oxide interface traps. 

m " ** " "~ 

Jp [0003] 2. Description of the Prior Art 

O 

^ [0004] Recently, semiconductor devices have been integrated so highly that integrated 
3 semiconductor devices have been designed on a nanometer level instead of a micron 

im level (e.g., The National Technology Roadmap for Semiconductors Technology Needs, 



w SIA, 2001 edition). In accordance with the SIA roadmap, by2002, scaling of a sub- 

p 1 OOnrn device will need a gate oxide thickness (t ) in the range of about 1 2 to 1 5 

ni ox 

angstroms. However, this raises a thorny problem of how to evaluate quality of an 

ultra-thin gate oxide layer with a thickness of 1 0 to 20 angstroms in terms of 

interface traps (N ). 

[0005] As known by those skilled in the art, two pronounced effects are observed during 
testing of a MOS device as a gate oxide thickness shrinks down to 30 A and below, 
namely, Direct Tunneling Gate Leakage (DTGL) effect and the so-called quantum 
mechanical effect. These effects render the device characterization more difficult. 



[0006] 



A conventional approach to determining the interface traps in a gate oxide 
interface of a CMOS device is a Capacitance- Voltage (CV) method, which is proposed 
by Lewis M. Terman in 1962 (Solid-State Electronics, Vol. 5(5), p.285-299, Lewis M. 
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Terman, 1 962). Unfortunately, the prior art CV method is not able to extract accurate 
interface traps when the above-mentioned DTGL effect exists. Obviously, the prior art 
CV method is not an effective approach to the oxide quality evaluation of an ultra-thin 
gate oxide device. Plus, the prior art CV method requires a large area capacitor 
structure such that it can not be applied to the measurement of real small MOS 
devices (with short channel length and narrow width). 

[0007] Another prior art approach is a so-called Charge-Pumping (CP) method, which is 
disclosed in articles such as IEEE T-ED, Vol.36, p.l 318-1335, P. Heremans et al., 
1 989; Proc. SSDM, p.841 -843, S.S. Chung et al., 1 993; IEEE T-ED, Vol.45, No.2, 
p.512-519, C. Chen et al., 1999; IEEE T-ED, Vol.46, p.l 371 -1377, S.S. Chung et al., 
1999; and IEEE EDL, Vol.20, No.2, p.92-94, P. Masson et al., 1999. However, none of 
the prior art CP approaches generate an accurate and satisfactory result, in particular 
when the thickness of a tested gate oxide is less than 1 2 angstroms and beyond. 
Consequently, there is a strong need to provide an accurate approach to the 
measurement of N in the ultra-thin gate oxide age. 

Summary of Invention 

[0008] Accordingly, it is the primary objective of the claimed invention to provide an 

improved method for accurately characterizing semiconductor/oxide interface traps. 

[0009] In accordance with the claimed invention, a method for determining interface 

traps in a semiconductor/oxide interface of a MOS transistor comprising a bulk 

substrate, a source, a drain, a gate, and a silicon oxide layer beneath the gate is 

provided. The method includes grounding the bulk substrate, source, and drain, 

applying a first gate pulse with a fixed low-level gate voltage (V ) and an increasing 

gl 

high-level gate voltage (V ) at a high gate pulse frequency on the gate so as to 

gh 

obtain a first charge-pumping current (I )-V curve, applying a second gate pulse 

CP gh 

having same low-level gate voltage (V ) and same increasing high-level gate voltage 

gi 

(V ) as the first gate pulse at a lower gate pulse frequency on the gate so as to 
gh 

obtain a second I -V , curve, and subtracting the second I -V , curve from 
CP gh CP gh 

the first I -V , curve. 
CP gh 

[0010] 

These and other objectives of the claimed invention will no doubt become obvious 
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to those of ordinary skill in the art after reading the following detailed description of 
the preferred embodiment, which is illustrated in the various figures and drawings. 

Brief Description of Drawings 

[001 1] The accompanying drawings are included to provide a further understanding of 
the invention, and are incorporated in and constitute a part of this specification. The 
drawings illustrate embodiments of the invention and, together with the description, 
serve to explain the principles of the invention. In the drawings, Fig.l (a) schematically 
showsthe fixed-based level pumping (CP) setup. 

[001 2] Fig.l (b) schematically shows local threshold voltage (V ) and flat band (V ) 

T H * D 

distribution in relating to low level and high level gate voltage (V and V ), and 

gl gh 

normal and abnormal CP curves. 
[001 3] Fig.l (c) is a flowchart according to this invention. 
[0014] Fig.2 shows current components for Fig.l (a). 
[001 5] Fig. 3 shows CP curves for a 1 6 A gate oxide device. 
[0016] Fig.4 shows length dependent bulk currents. 

[001 7] Fig. 5 shows measured CP currents for an ultra-thin (1 2-1 6 A ) gate oxide layer. 

[001 8] Fig.6 shows High-low frequency CP method and Frequency dependent maximum 
CP currents. 

[0019] Fig. 7 shows Incremental frequency CP method and Frequency dependent 
maximum CP currents. 

[0020] Fig. 8 illustrates A L extraction from CP data. 

[0021] Fig. 9 shows calculated IM ^ and A L Q from I cp in Fig. 7. 

Detailed Description 

[0022] 



The present invention is directed to a method for accurately determining interface 
traps (hereinafter referred to as N ) in a semiconductor/oxide interface of advanced 
metal-oxide-semiconductor (MOS) devices having a short channel length and an 
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ultra-thin gate oxide thereof. The MOS devicesto be testedare fabricated by state-of- 
the-art integrated circuit(IC) manufacturing techniques. For example, a high-quality 
ultra-thin gate oxide layer having a thickness of about 1 2 A to 1 6 A (direct tunneling 
regime) is formed on a cleaned surface of a semiconductor substrate by using a 
known Rapid Thermal Nitric Oxide (RTNO) process. In some cases, a Remote Plasma 
Nitridation (RPN) treatment is then used after the gate oxide formation for 
reducingthe gate current leakage by a scale of about 2 to 3 orders. The masked 
lengths ranging from 0.22 m m to 0.1 1 pm are used. 

[0023] By way of example, the RPN treatment is carried out in a suitable remote plasma 
tool that is commercially available from Applied Materials Corporation of Santa Clara, 
Calif. A wafer is placed in a second chamber located downstream from a first chamber 
so that species generated within the plasma pass over the wafer before being pumped 
^ out of the tool. In this manner, a gate oxide is not directly exposed to the plasma and 

q therefore does not suffer plasma damage. Nitrogen is flowed into the plasma chamber 

J at a flow rate of between about 600 and 3,000 seem (Standard cubic centimeters per 

O minute). Alternately NH may be used, either instead of or in combination with 

m 

g% nitrogen. The pumping rate of the tool is throttled to maintain a chamber pressure of 

between about 1 and 3 Torr in the second chamber. Plasma is struck in the first 
chamber and active nitrogen species from the remote plasma flow over the wafer 
surface and incorporate into the gate oxide, thereby nitriding an upper portion of the 
gate oxide. The RPN treatment is conducted with the wafer heated to a temperature 
between about 500 ° C and 1 ,000 ° C for a period of between about 3 and 5 minutes. 

[0024] Please refer to Fig.l (a). Fig.l (a) is a schematic diagram of this invention. Here, 
with both source/drain (S/D) grounded and by applying a gate pulse with fixed base 
voltage(V ), the channel operates between accumulation and inversion states. This 

gi 

gives rise to the charge pumping current (hereinafter referred to as I ) measured 

CP 

from the bulk substrate. 



Q 



[0025] 



Please refer to Fig. 2 and Fig. 3. Fig. 2 shows experimental results of various current 

components of the measurement in Fig.l (a) wherein the gate current (I ) is 

G 

approximately equal to the combination of the drain current (I ) and source current 
(I ). Fig.3 shows experimental results of CP curves. As shown in Fig.2 and Fig.3, 
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obviously, leakage current occurs at a low V ^ in the accumulation region. 
Accordingly, in a preferred embodiment of this invention, the configuration as 
depicted in Fig.l (a) is used for the CP measurement with a suitable chosen gate 
voltage. 

[0026] Please refer to Fig.l (b). In the upper area of Fig.l (b), local threshold voltage (V 

) and flat band (V ) distribution in relation to a low-level gate voltage (V ) and 
TH fb gl 

a high-level gate voltage (V ) is schematically shown. In the lower area of Fig.l (b), 

correlation of normal and abnormal CP curves is demonstrated. The basic extraction 

equation for extracting N (eV 1 ) is demonstrated as follows: 

[0027] I =fxqxWxLxN. 
1 J CP, MAX H it 

[0028] where I is maximum I of a characteristic (Amp.); T is frequency of 

CP, MAX CP 
M= gate pulse (Hz); "q" is electron charge (C); "W" is transistor width ( u m); "L" is channel 

§ length ( m m). As seen in Fig.l (b), the leakage component of I cp is very small at a low 

(P V when t > 30 A . The leakage current becomes dominant when t is less than 

gh ox ox 

Q 20 A . It is believed that the leakage component of the bulk current comprises 



3 



tunneling current and PN junction current. 



Hi 



P [0029] In Figs.4 and 5, experimental results in accordance with the present invention are 

2! demonstrated. As shown in Fig.4 and Fig.5, the bulk current (I ) decreases with 

I* reducing channel length. This means that it is better to measure a low leakage I cp 

current with a shorter channel length device. The leakage current increases with 

reducing t (at V < 0V). In Fig.5, note that 1 2 A gate oxide has large leakage 
ox G 

currents for V < 0V. Before calculating N . from I , we need to remove the 
gh it CP 

leakage current from the I cp . 

[0030] Please refer to Fig.l (c). Fig.l (c) is a flowchart showing the steps of this invention. 
As shown in Fig.l (c) with reference to Fig.6 and Fig.7, firstly, a low leakage CP 
measurement window is chosen. To choose a window for CP measurement, a bulk 

current (I ) of about 10 1 2 to 1 0 13 amperes is suggested (also see Fig.4). 
Secondly, a fixed base level CP measurement is carried out. If a leakage component 

presents, the leakage component may be removed by either of the following steps: 
[0031] (l)High-low frequency CP method: First , the I s for various frequencies are 
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4 

measured as shown in Fig. 6. At a low gate pulse frequency, for example, 1 0 Hz, the 
group-2 curve (curve (2)) is considered as the leakage current. Curve (1) is the 

measured I ^ at a high gate pulse frequency, for example, 1 MHz. A correct I ^ 

(group-3 curve) is obtained by subtracting curve (2) from curve (1). 

[0032] (2)lncremental frequency CP method: From the measured I ^ for various 

frequencies, the difference of I between two successive frequencies is taken as 

shown in Fig. 7, For example, I ^ , -I , is regarded as the I at 

CP (1 MHz) CP (500kHz) y CP 

500kHz since I ^ is directly proportional tof. 

[0033] When comparing curve (3) of Fig. 6 and curve (A) of Fig. 7, for example, both of the 

two steps give a close result of I for a 1 MHz signal. Since the leakage component is 

cp 

close at two successive frequencies, the incremental frequency CP method is expected 

to give more accurate results. As expected, even for very-thin (t ^ 12 A ) gate 

ox 

oxide devices, this new CP methodology is still valid. 

[0034] 



- <•». + 2 ' ±- ■ t„ -fit. 



■ •■> IL, m it. +■ IL, 



[0035] Table 1 

[0036] To determine the interface traps, N can be calculated from the I . The 

it CP, MAX 

relating equations are given in Table 1. The definition and relating method are given 
in Fig. 8. Fig. 8 illustrates A L extraction from I ^ data. Fig. 8 (1) shows parameter 
definition and extraction method. Fig. 8 (2) shows interface traps distribution in short 
and long channel length devices respectively. 

[0037] Fig. 9 is a plot presenting calculated N from I in Fig. 7. It shows the 

it CP, MAX 

extraction of offset length A L ( ^ A L ^ ( 0.04um) + A L ). As illustrated in 

Fig. 9, the calculated N per unit width for the measured 80 devices with n- and p- 

channel are presented. It should be noted that: (1) a thicker gate oxide exhibits larger 

N as a result of a longer thermal treatment, (2) RPN treated gate oxide has larger N 

. , and (3) the slopes of these curves give the N values, which can be used as a 
it it 
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monitor of the oxide quality. 



[0038] In summary, this invention provides a new CP methodology that is demonstrated 

for ultra-short channel length and ultra-thin gate oxide in the range 12 A to 16 A . It 

allows fast and easy calculation of the N generated during the process. This method 

is superior to the conventional CV method for Nitcharacterization in that the latter 

needs a large area capacitor samples. On the other hand, both the Incremental 

frequency CP method and the High-low frequency CP method can be applied to 

evaluate the hot carrier reliability in terms of the interface traps for deep sub-micron 

scale devices. The proposed method not only can be used to calculate the N values 

it 

but also be useful as a monitor of the oxide quality in an ultra-thin gate oxide 
process. 

[0039] Those skilled in the art will readily observe that numerous modifications and 
O alterations of the device may be made while retaining the teachings of the invention. 

0 

grs Accordingly, the above disclosure should be construed as limited only by the metes 

4 s and bounds of the appended claims. 

o 

m [0040] 

3 

o 
m 
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